Many temperate bat species deal with harsh winter conditions by hibernating. Brief periods of arousal from torpor occur at regular intervals throughout hibernation, although energetically costly. Factors that increase arousal frequency, such as the recently discovered white-nose syndrome (WNS), can thereby greatly decrease survival rates of overwintering bats. Evidence increasingly suggests that evaporative water loss (EWL) may be an important driver of arousal behavior in infected bats. We examined the role that EWL could play in torpor arousals and energy expenditures by developing an individual-based energetics model using EWL as the stimulus for arousal in populations of healthy and WNS-affected little brown myotis (Myotis lucifugus). Our model also examined how EWL could affect spatial distributions of healthy and infected bats within a cave throughout winter. We calculated mean torpor bout duration and survival of populations that inhabited 2 modeled caves typical of both northern and midrange hibernacula. In a northern cave, the mean torpor bout duration was 19.97 days 6 5.49 SD between arousals for healthy bats and 8.60 6 2.11 days for WNS-affected bats, accompanied by survival rates of 0.80 6 0.07 SD (healthy) and 0.04 6 0.02 (infected). In a midrange cave, the mean torpor bout duration was 20.88 6 6.22 days for healthy bats and 8.88 6 2.47 for infected bats, and survival rates were 0.98 6 0.02 (healthy) and 0.55 6 0.05 (infected). When bats clustered, survival rates increased in both healthy and diseased populations; however, slight changes in relative humidity or the rate of EWL from infected skin counteracted these advantages. We show that, by causing an increase in arousal rates, EWL could play an important role in the pathology of WNS. Additionally, populations experiencing shorter southern winters could persist longer than their northern counterparts when faced with WNS, a fact that could be critical in maintaining viable populations for WNS-vulnerable species.
Food scarcity and low ambient temperatures during winter create thermoregulatory challenges for small mammals, particularly those that inhabit temperate regions characterized by highly seasonal climates. Many small mammals have evolved energy-conserving behavioral and physiological adaptive mechanisms that allow them to enter a state of prolonged inactivity known as hibernation, which is made up of bouts of torpor. Torpor is characterized by greatly reduced activity levels and improved ability to cope with food shortages or adverse climate (Geiser 2004 ), a strategy that usually increases winter survival rates (Turbill et al. 2011) . During torpor, animals reduce their body temperature (T b ) below normothermic levels (Thomas et al. 1990) , and the metabolic rate is substantially lowered to reduce energy demands (Humphries et al. 2003; Geiser 2004) , which allows animals to decrease their energy expenditure to as little as 10% of that in euthermy (Geiser 1988; Heldmaier and Ruf 1992) . However, decreased energy expenditure during hibernation can have potentially costly fitness trade-offs, including reduced vigilance and increased vulnerability to predation (French 1988; Lesiński et al. 2009 ; but see Stawski and Geiser 2010) , accumulation of damaging metabolic byproducts (Galster and Morrison 1972) , as well as immunosuppression (Prendergast et al. 2002; Carey et al. 2003; Bouma et al. 2011 ) that may increase susceptibility to pathogens. w w w . m a m m a l o g y . o r g 572 Use of torpor is particularly common in Chiroptera (bats) that inhabit temperate regions. North America alone has 25 species of hibernating bats, most of which seasonally inhabit caves that provide a relatively stable environment throughout winter, with deep internal temperatures that reflect the regional annual average temperature (Badino 2004) . Like many hibernators, bats store energy for winter as body fat and, with prey availability limited during this period, have little opportunity to replenish energy supplies. Periodic arousals from bouts of torpor during hibernation are energetically costly, as a bat ''powers up'' to raise its T b and metabolic rate to euthermic levels (Thomas et al. 1990 ). When temperatures and prey species availability remain low, minimizing arousal rates increases the chance of winter survival. Bats that are repeatedly disturbed during torpor can exhibit high rates of mortality (Tuttle 1979 ; American Society of Mammalogists 1992), and thus the installation of gates at cave entrances of important bat hibernacula has become an important and commonly used management strategy to prevent human disturbance and associated mortality of bats during winter (White and Seginak 1987) .
Periodic arousals during hibernation occur in all hibernating mammals, but the causes for arousal are not fully understood. Three main hypotheses, not necessarily mutually exclusive, have attempted to explain why hibernators periodically arouse during torpor: arousals are associated with circadian or circannual rhythms but are slowed down in hibernating mammals as metabolic rate decreases and T b approaches ambient cave temperature (Malan 2010) ; arousals are a response to the buildup of metabolic byproducts (i.e., ketone bodies, oxidizing agents, etc.) that must be metabolized or expelled from the body, or both, periodically via defecation and urination-both of which occur during arousal (Galster and Morrison 1972) ; and evaporative water loss (EWL) and dehydration stimulate arousal of the hibernator to drink and maintain water balance (Thomas and Cloutier 1992; Thomas and Geiser 1997) . Two or more of these causes of arousal may operate in combination. For example, EWL may decrease blood volume, causing a higher relative concentration of metabolic by-products in the bloodstream that in turn may stimulate arousal from torpor.
Evaporative water loss occurs across both the cutaneous membrane (cEWL) and the pulmonary membrane (pEWL). During optimal torpor conditions, hibernators typically undergo long periods of apnea, and pEWL accounts for only 0.3% of the total EWL (Thomas and Cloutier 1992) . EWL is dependent upon the difference in water vapor pressure (DWVP) across a hibernator's external membrane (cutaneous surface for cEWL and pulmonary surface for pEWL). This DWVP is temperature-dependent, such that an increase in a hibernator's T b away from lower external temperatures increases DWVP, thus leading to higher EWL and arousal rates. Because T b during torpor often closely matches-but cannot drop below-ambient temperature (hereinafter, we use ambient cave temperature [T c ]), hibernators are restricted in their choices of appropriate hibernacula. Also, bats in torpor are restricted by a tolerance threshold of minimum ambient T c . Below a certain low temperature, bats must maintain a constant, higher-than-ambient T b . As temperatures continue to fall below this threshold T c , metabolic rate increases to maintain T b above a lower temperature threshold. Pulmonary respiration increases accordingly, resulting in increased pEWL (Thomas and Geiser 1997) . As a result of these constraints, there should be an optimum temperature for bats at which both EWL and, thus, arousal rates are minimized. Minimizing arousal rates thus decreases total winter energy requirements. For example, evidence suggests that the little brown myotis (Myotis lucifugus) minimizes energy expenditure when hibernacula temperatures are at 28C and where humidity is close to saturation (Humphries et al. 2006) .
The recently discovered and rapidly spreading bat disease known as white-nose syndrome (WNS) is caused by the coldadapted ascomycete fungus Geomyces destructans (Lorch et al. 2011) . This etiological agent is thought to be spread between bats (Lorch et al. 2011) or via other mechanisms (Lindner et al. 2010 ) and has become a leading cause of mortality for several North American hibernating bat species. First discovered in 2006 in central New York State, the disease has moved as far west as Missouri and Oklahoma and has caused up to 99% mortality in infected populations of some species (Blehert et al. 2009; Frick et al. 2010a) . As a result, susceptible bat species infected with WNS are experiencing population level die-offs that could profoundly affect ecological communities.
Early stages of WNS are characterized by cutaneous surface layer dermatomycosis; however, unlike most other skininfecting fungi, G. destructans quickly penetrates the skin and invades the dermal layer of bats, causing tissue infarction and necrosis (Cryan et al. 2010) . Although the causative mechanisms are unclear, bats with WNS experience more frequent arousals through winter that in turn cause rapid depletion of limited fat stores (Boyles and Willis 2010; Reeder et al. 2012; Warnecke et al. 2012) . Bats that exhaust their fat reserves during hibernation die, and energy loss caused by WNS infection may leave surviving individuals less reproductively fit and able to survive the following winter.
Increased EWL across infected tissue is a common phenomenon in dermal infections, where infected tissue disrupts water balance and can cause a 150-250% increase in EWL compared to uninfected tissue (in human nails [Krönauer et al. 2001] , in fungus in culture [Yarwood 1947] , and in the exoskeleton of dog ticks [Yoder et al. 2008] ). Given the aggressive and invasive nature of G. destructans, we and others suspect there is much higher EWL in infected versus uninfected bat skin, although this has yet to be determined experimentally. Previously, pathogens including WNS have been implicated in disrupting host water balance through an EWL mechanism (the ''dehydration hypothesis'') that leads to increased arousal rates and rapid depletion of energy stores in infected bats (Cryan et al. 2010; Willis et al. 2011) .
In this paper, we further explore the WNS dehydration hypothesis using the widespread and well-studied little brown myotis as a model organism. This North American bat migrates to suitable hibernacula in autumn before hibernation and to summer roosts in spring after emergence from the cave. The little brown myotis expresses repeated torpor bouts of 2-3 weeks during winter (Thomas et al. 1990 ) and, like other WNS-susceptible species, prefers high-humidity areas within hibernacula . Clustering behavior in cold, veryhigh-humidity areas of hibernacula could make the species highly susceptible to growth of G. destructans and the possibility of bat-bat transmission of infective conidia. During hibernation, arousal costs represent at least 83-90% of total energy requirements during winter for the little brown myotis (Kayser 1953; Wang 1978; Thomas et al. 1990; Thomas and Cloutier 1992) . In addition, the little brown myotis is very susceptible to EWL during torpor, even in near-saturated (99.4%) air (Thomas and Cloutier 1992) . Because of its marked susceptibility to WNS and the availability of physiological data, the little brown myotis is an ideal candidate for constructing predictive models that address impacts of this disease from individual to population levels.
We developed a behavioral model to address how EWL could affect arousal rates, survival, and spatial distributions of both healthy and infected little brown myotis within a cave as a function of changing temperatures throughout winter. We calculated arousal rates and survival of simulated healthy and WNS-affected populations that inhabited 2 hypothetical caves typical of both northern and midrange hibernacula within the species' range.
MATERIALS AND METHODS
Torpor-arousal cycle energetics.-To calculate the energetics of torpor and arousal of the little brown myotis during hibernation, we partially rely on Humphries et al. (2006) . At the beginning of winter, bats enter the cave and decrease their metabolic rate and T b to torpor levels. During this period of cooling, heat is lost and the energetic cost is approximately 0.67 that of the energy expended (represented in units of ml O 2 g À1 h À1 ) while heating the body from torpid to euthermic levels, E ar (Thomas et al. 1990; Boyles and Brack 2009 ):
and
where S is the specific heat capacity of bat skin (ml O 2 g À1 8C À1 ), and T b-eu and T b-tor are bat body temperatures during euthermy and torpor, respectively. Cooling to near-ambient temperatures, the bat enters torpor. Energy expenditure in torpor, E tor (ml O 2 g À1 h À1 ), is calculated as follows:
where TMR min (ml O 2 g À1 h À1 ) is the minimum torpor metabolic rate, which is experienced at the optimum temperature for torpor, T tor-min ; C tor (ml O 2 g À1 h À1 ) is thermal conductance during torpor when T c is below T tor-min ; and Q 10 is the standard dimensionless physiological measure that expresses the change in metabolic rate for every 108C change in temperature.
Our model assumes that bats remain in torpor until cumulative EWL reaches a threshold, at which point they arouse. During the 1st step in arousal, bats raise their metabolic rate and T b to euthermic levels, represented energetically in equation 4. Once at euthermic levels, bats remain in a state of euthermy for approximately 3 h (French 1985) . At the end of euthermy, bats reduce T b to near-T c temperatures (equation 2). During the period of euthermy, energy expenditure (ml O 2 g À1 h À1 ) is represented as:
) is the euthermic basal metabolic rate; T lc is the lower critical temperature in 8C, below which bats actively increase metabolic rate to maintain euthermic T b ; and C eu (ml O 2 g À1 h À1 ) is thermal conductance during euthermy. Hence, during a bout of arousal, total energy expenditure (E bout ) is expressed as the sum of energy costs that include elevating T b , euthermy, and cooling:
where t eu is time in euthermy (3 h for little brown myotis). We converted energy expenditure to fat expenditure, given that 1 ml of O2 releases 20.1 J, and the metabolism of 1 mg of fat releases 39.3 J (Nagy 1983) . Evaporative water loss.-The model calculates total EWL by summing cEWL and pEWL using methods based on Thomas and Geiser (1997) . cEWL (mg/day) as a function of WVP was calculated as follows:
where SA is the surface area (cm 2 ) over which EWL occurs, rEWL (mg day À1 DWVP À1 cm À2 ) is the area-specific rate of EWL, and DWVP is the difference in water vapor pressure in kPa across tissue. WVP at saturation was calculated using the Arden-Buck equation (Buck 1981) :
where T is a bat's body temperature in 8C. In the model, relative humidity (RH) was assumed constant and near saturation in the cave at 96% RH. This value was multiplied by WVP at saturation to determine WVP at a given RH. pEWL was calculated and summed with cEWL at a given ambient T c . To calculate pEWL, it was assumed that air enters the lungs, is cooled or heated to match T b , fully saturated, and expired without water recovery. The oxygen extraction efficiency from air was estimated by assuming an extraction efficiency of 30% for a bat's respiratory system (Chappell and Roverud 1990 
where V O 2 is the respiration rate of oxygen in ml O 2 g À1 h À1 , and mass is in grams. pEWL was calculated by estimating the amount of water that was used to saturate inspired breath and subsequently lost in expiration:
where saturation deficit is equivalent to DWVP but converted from kPa to mg/liter and pEWL has units of mg/day. Finally, total EWL (mg/day) is the sum of cEWL and pEWL:
Thus, total EWL is temperature-dependent because both cEWL and pEWL include DWVP as a multiplier, which itself is temperature-dependent. In this way, as body temperature increases during arousal, DWVP between the cooler ambient air and the bat increases, which in turn increases cEWL and pEWL. Because bats choose caves with extremely high RH, often with a cave stream or spring, we assume that bats in euthermy not only make up for water loss experienced during torpor, but also compensate for elevated EWL rates during euthermy by sating thirst at readily available water sources. In this way, during euthermy, bats set their cumulative EWL ''counter'' back to zero, allowing a return to torpor with sufficient water balance.
In the model, a cave environment was simulated by modeling T c s as a function of outside temperatures (T e s) such that:
where T k is the deep internal cave temperature constant that is approximately equal to the average annual T e . Temperatures are expressed in 8C. Depth inside the cave has units of meters. This relationship expresses an observed decrease in temperature variation throughout the year as depth in cave increases (Fig. 1) . During winter, mean daily T e follows a sine curve as a function of day in winter. It follows that T c also exhibits this sinusoidal trend as a function of day in winter. As depth in cave increases, the temperature sine curve dampens around the average annual T e (i.e., 38C in Fig. 1 ). Because T c changes as a function of T e , hibernating bats experience variable temperatures during a torpor bout, which affects arousal rates. This model assumes that bats arouse when they hit a threshold of water loss of 4.3% of their lean mass in water (Kallen 1964; Thomas and Cloutier 1992) . Our model is a discrete-time model that calculates EWL and energy expenditures for each day (Fig. 2) . The sum of daily energy expenditures for each of the total number of days in winter reflects the total energy expenditure over winter. We assume that when bats reach the maximum water loss of 4.3% of lean mass they arouse, move to the location of optimal conditions, and reestablish normal water balance. Upon reentering torpor, an EWL counter is reset to zero.
Evaporative water loss in WNS-affected bats.-In the model, we assumed that bats with WNS start the winter with a small amount of fungal growth, whereas healthy bats remain WNS-free for the entire duration of winter. Although this does not reflect the apparent spread of G. destructans during winter, not enough is known about the fungus to explicitly model its transmission rates within a hibernaculum. We presumed that, as is common in infected skin, WNS-affected bat skin experiences a high rate of EWL compared to uninfected skin. Although some fungal infections show a percent increase in EWL near 250% compared to uninfected skin (Yarwood 1947; Krönauer et al. 2001; Yoder et al. 2008) , we modeled bats with WNS having a 150% increase in EWL compared to uninfected skin. Using an iterative approach, we then adjusted our value of percent increase in EWL over a range of biologically relevant values. Unlike most skin-infecting fungi, however, G. destructans actively extends its hyphae into the dermal regions of the bat membrane (Cryan et al. 2010) . Such an aggressive invasion of fungal tissue into a bat's membrane suggests that EWL in infected tissue could be well above normal rates.
When bats with WNS entered the cave in the winter, each infected bat had an initial number of fungal infection sites. In our model, we assumed that bats began winter with 100 small sites of infection (i.e., 100 viable conidia). Each site was 0.1 mm in diameter at the beginning of winter and grew according to the growth curve displayed in Fig. 3 . Growth rates were estimated from Chaturvedi et al. (2010), who noted a maximal growth rate of G. destructans at approximately 1-158C. We assumed that the growth rate of the fungus on bat tissue approximated the growth rate in the laboratory environment. We approximated this relationship using quadratic growth curves on either side of the maximum at 158C, extending from À68C to 248C. This may overestimate the range of temperatures in which G. destructans thrives but may be adequate as a 1st approximation. More research on the nature of the fungus across its temperature range is needed to develop an exact growth curve.
The fungus is assumed to grow radially outward from an origin in 2 dimensions. In published photographs and descriptions of the fungus, it would be reasonable to model a 3-dimensional growth of the fungus. The effective surface from which EWL could occur, however, might be less than the total surface area of the fungus, because fibrous growths or irregularities in the fungus would create a small spaces between the fungal membranes where local humidity would remain at saturation. Thus, to simplify the model, a 2-dimensional growth pattern was used. This may underestimate EWL from the fungal surface if G. destructans grows in a 3-dimensional pattern with increased surface area exposed directly to water-deficient air.
Population simulation.-We simulated 100 WNS-affected populations and 100 healthy populations, each containing 100 little brown myotis with varying total and fat masses. Masses of bats were distributed normally according to Johnson et al. (1998) , with a distribution of 9.07 g 6 0.99 SD. Each bat started the simulation at day 1 of winter with an initial fat mass, m f , as a fraction of total body mass given by the distribution previously used by Boyles and Brack (2009) 
During the simulation, a bat's position on a given day is recorded. We assume that, when bats arouse, they relocate to a section of cave that reflects optimal conditions, minimizing energy expenditure. Once relocated, bats reenter torpor and experience a new set of metabolic requirements dependent upon changing temperatures at that location. With sufficient spatial resolution of temperature measurements within a cave environment, it should be possible to predict where bats are likely to hibernate. Our model simulates a cave temperature gradient in order to map a bat's spatial distribution within a cave over winter.
Simulating winter temperatures and survival rate.-In the simulations, different populations of bats were assumed to overwinter at 1 of 2 different latitudes. Temperatures throughout winter in the northern range of the little brown myotis were simulated using average winter temperatures in Ontario, Canada. Temperatures in southwestern Kentucky were used to simulate a winter in the middle of the range of the little brown myotis. Mean temperatures follow a sine curve, with the average annual minimum halfway through winter. Temperature variation was incorporated into the model using an SD of 58C about the mean. The mean temperature on any given day was temporally autocorrelated with the average daily temperatures for the 2 previous days. The length of winter hibernation in the northern region of bats is approximately 193 days (Fenton 1970) . In midrange latitudes, winter hibernation length is approximately 134 days (Raesly and Gates 1986) . Survival rates of simulated healthy and WNS-affected bat populations in Ontario and Kentucky were calculated as the proportion of 100 individuals to have remaining fat stores at the end of the winter.
Modeling clustering in bat populations.-Clustering in populations of hibernating bats is potentially important in reducing euthermic energy expenditure by insulating bats and providing favorable microclimatic environments (Boyles et al. 2008) . To incorporate clustering into our model, we reduce euthermic energy expenditure to 41.1% of that in nonclustering populations (Boyles and Willis 2009; Willis et al. 2011 ; but see the ''Discussion'').
All parameters used in the model are presented in Table 1 . The model relies on many of the same parameters presented in tabular form in Thomas and Geiser (1997) and Humphries et al. (2006) . The model was designed and implemented using MATLAB (2010b [MathWorks 2010]).
FIG. 2.-Individual-based energetics model using evaporative water loss (EWL) as the stimulus for torpor arousal in little brown myotis (M. lucifugus). The model is looped for the total number of days in winter (193 days in the northern range and 134 days in midrange) for each of the specified number of bats. The switching mechanism between torpor and arousal is set by defining a threshold in EWL, which triggers arousal once met or exceeded. Energy expenditure during torpor and arousal (E tor and E bout , respectively) is recorded after each time step and added to the previous days' expenditures to calculate total winter expenditure. We simulated 100 winters for each population of 100 bats.
RESULTS
Bat spatial distributions within a cave.-Our simulation model tracked bats within a simulated cave during winter as they follow the location of the optimal temperature during arousal (Fig. 4) . During arousal we assumed that a bat relocates to the position in the cave where T c (a function of T e ) most closely matches a bat's optimal temperature during torpor before reentering a state of torpor. Fig. 4c shows average position in a northern Ontario cave (i.e., deep T c is 38C) for both healthy and infected bats over 100 simulated winters. In general, bats tended to begin hibernation in the far depths of the cave when T e was still slightly above deep cave temperatures. As winter progressed, bats resituated closer to the mouth of the cave but by midwinter were distributed in the middle of the cave. As daily T e warmed and spring approached, bats tended to relocate farther back in the cave to take advantage of a cooler deep internal T c , as at the start of winter, although this tendency is not as pronounced at the end of winter. Both infected and uninfected bats followed this general pattern, but due to increased arousal rates, bats with WNS relocated within the cave more often. Notably, in the beginning of winter, bats with WNS shift to the middle range of the cave sooner than uninfected bats, because they are tracking temperature optima more frequently.
Torpor bout duration and survival through winter.-In our simulation survival model, bats experienced energetic costs associated with ambient T c related to their position within the cave through winter. As winter progressed, bats depleted existing fat stores at a rate dependent on arousal frequency. Because of the aggressive nature of G. destructans, infected bats experienced a higher rate of cEWL across the entire range of ambient cave temperatures (Fig. 5) , thus arousing more frequently and suffering higher mortality. At 96% RH, a simulated population of 100 healthy bats in the northern range (i.e., northern Ontario 193-day winter) exhibited a mean torpor bout duration of 19.96 days 6 5.49 SD between arousals and a survival rate of 0.80 6 0.07 SD. During similar winters, a simulated population of 100 WNS-affected bats experiencing a 150% increase in EWL from infected tissue had an average torpor bout duration of 8.60 6 2.11 days and a survival rate of 0.04 6 0.02 (Fig. 6a) . In a simulated typical Kentucky winter of 134 days, a population of 100 healthy bats showed a mean torpor bout duration of 20.88 6 6.22 days and a survival rate of 0.98 6 0.02, whereas WNS-affected bats showed a mean torpor bout duration of 8.88 6 2.47 days and a survival rate of 0.55 6 0.05 (Fig. 6b) .
Effects of clustering on arousal and survival rates.-In simulated populations where bats clustered together, euthermic energy expenditure was assumed to be only 41.1% of that in nonclustering populations, thereby increasing survival rate. At 96% RH, bats in the northern range experienced torpor bout durations similar to those in nonclustering populations (averaging 19.97 6 5.57 days for healthy clustering bats and
-Modeled growth curve of Geomyces destructans over its temperature range from approximately À68C to 248C and a maximum at 158C. The fungus is assumed to grow radially out from an origin; thus, growth rate is presented as diameter growth rate. Growth rates were estimated based on Chaturvedi et al. (2010) . TABLE 1.-Parameter values used in our individual-based energetics model using evaporative water loss (EWL) as the stimulus for torpor arousal in little brown myotis (Myotis lucifugus). We rely on Thomas and Geiser (1997) and Humphries et al. (2006) 8.79 6 2.15 days for infected clustering bats), but survival increased dramatically to 0.98 6 0.02 in healthy populations and 0.72 6 0.04 in infected populations that exhibited a 150% increase in EWL from infected tissue. Similarly, healthy bats in midrange experienced a mean torpor bout duration of 20.94 6 6.30 days and 100% survival, whereas WNS-affected bats had a mean torpor bout duration of 8.99 6 2.34 days and a survival rate of 0.95 6 0.02. Effects of RH and rate of EWL on survival rates.-Survival rates in infected populations are extremely sensitive to changes in RH and the rate at which EWL occurs from infected tissue, even when clustering. In northern-range, clustering populations where survival is typically higher than in nonclustering populations, a decrease in relative humidity from 96% to 94% (assuming a constant 150% increase in EWL from infected tissue) corresponded to a decrease in survival to 0.27 6 0.06 in WNS-affected bats compared to 0.92 6 0.03 in healthy bats (Fig. 7a) . At an RH of 88%, survival was 0.01, but noninfected populations had 0.53 6 0.07 survival. When bats did not cluster, survival in both healthy and infected populations dropped considerably with low RH values (Fig.  7b) . Conversely, when RH was held constant at 96%, an increase in the EWL rate from infected tissue to a 200% increase and then a 250% increase of that in non-infected tissue (still well within the normal levels of percent increases in EWL from infected tissue) yielded survival rates of 0.58 6 0.06 and 0.43 6 0.06 in a clustering population (Fig. 7c) . With a 500% increase in EWL compared to uninfected tissue, a population of 100 infected, clustering bats is nearly extirpated during the winter (survival rate of 0.04 6 0.02). Manipulating the rate of EWL across infected tissue had a larger effect on survival rates lucifugus] minimizes energy expenditure), a bat must maintain a constant, elevated body temperature as ambient temperatures drop; thus metabolic rate, difference in water vapor pressure (DWVP), and consequently EWL increase. Above the 28C optimal torpor temperature, a bat's temperature rises with ambient temperature, thus contributing to increases in metabolic rate, DWVP, and EWL. Notice almost no pulmonary water loss around the optimal torpor temperature, because bats undergo severe apnea in deep torpor (Thomas et al. 1990 ). Shown are water loss as a function of temperature for a) a healthy bat and b) a white-nose syndromeaffected bat.
when not compensated by decreased euthermic energy expenditure during arousals due to clustering (Fig. 7d) .
DISCUSSION
Particularly in the northern portions of many temperate bat species' range, winter is a time of harsh climatic conditions, low prey abundance, and reliance on behavioral and physiological mechanisms to conserve energy. Accordingly, bats that generally do not feed during winter, such as the little brown myotis (Whitaker and Rissler 1993; Kunz et al. 1998) , should predictably hibernate at locations in caves where winter energy expenditure is minimized. Boyles et al. (2007) , using field experiments, found that little brown myotis and big brown bats (Eptesicus fuscus) used both behavioral and physiological mechanisms to minimize torpor expression; individual bats with higher fat reserves were more likely to locate in warmer portions of caves during winter. Support of this hibernation optimization hypothesis (Humphries et al. 2003) in microclimate selection, however, does not consider EWL as a potential causal mechanism for torpor arousal in bats.
Our mechanistic model is the 1st to present testable predictions about how EWL could affect torpor arousal rates and subsequent microclimatic selection of healthy and WNSaffected populations of the little brown myotis within a cave hibernaculum. Our model can be used provided that some basic information is known about the temperature gradient of a cave and the way in which it changes as a function of changing T e . Generally, bats will tend to enter hibernation at the beginning of winter toward the back of the cave where temperatures are cooler than average daily T e . After the time that it takes to arouse once or twice for a bat, however, T e is generally cooler than average annual temperatures (i.e., deep internal T c ). At this point, bats should quickly move to near the mouth of the cave to take advantage of cooler temperatures that serve to minimize energy expenditure. As T e continues to cool, however, bats incur high energetic costs to maintain T b at a lower critical set point and thus choose to retreat into the cave where temperatures are warmer and less variable. By the middle of winter, bats should be found situated in the middle of the cave. As spring approaches, temperatures rise, and bats should once again tend to move deeper into the cave until conditions are favorable for emergence and, in some cases, spring migration.
How roost site choice is influenced by disease-induced increases in arousal frequencies has yet to be explored. Our model predicted differences in movements over winter between healthy bats and bats with WNS. Because bats with WNS aroused more frequently due to predicted increases in EWL, they should move more frequently within a cave during winter to track optimal conditions compared to healthy bats, although the benefits of more frequent relocations are likely much less than the costs of the additional arousals. In our model, calculations for energy expenditure during euthermy did not include possible increases in metabolic rate due to the demands of flight. If bats with WNS are flying to optimal conditions within a cave at each arousal, this might serve to increase the rate of fat store depletion and exacerbate already strict winter pressures for diseased bats, although flight during this period may be relatively energetically cheap (Winter and von Helverson 1998) . It could be that bats experience a trade-off in which they must choose between moving and tracking optimal conditions for torpor, thus incurring increased energetic cost associated with searching for a thermoregulatory optimum or remaining stationary at a roost site, entering torpor, and risking premature arousal due to suboptimal T c . Mainly, we stress that little is known about roost site choice by healthy bats, much less by diseased bats.
We assume a 150% increase in EWL across dermal tissue infected with G. destructans compared to healthy tissue. Although this estimate is biologically relevant and perhaps conservative, we stress that more research is needed on the nature of G. destructans as it infects bat tissue. Previous studies of EWL rates across sites of fungal dermatitis suggest percent increases greater than 250% (Yarwood 1947; Krönauer et al. 2001; Yoder et al. 2008) . We posit that due to the nature of aggressive infection by G. destructans (Cryan et al. 2010) , EWL rates across infected bat tissue may well be much higher than a 150% increase compared to healthy skin. As shown in
Figs. 7c and 7d, changes in EWL rate dramatically affect bat survival. This rate, as well as many other aspects of infection by G. destructans, has yet to be determined experimentally, representing a major gap in our understanding of the mechanisms of bat mortality due to WNS.
Winter length and frequency of disturbance can affect survival of hibernating bats (Speakman et al. 1991; Boyles and FIG. 7 .-a and b) Effect of relative humidity (RH) on both healthy (dotted line) and white-nose syndrome (WNS)-affected (solid line) bat survival, where a represents survival rates when bats cluster and b represents survival rates in nonclustering populations (but see the ''Discussion''). Most of the rates reported in our study assumed an RH value of 96%, although this graph represents the range of values for RH in hibernacula where Myotis lucifugus hibernates (see Hock 1951; Humphries et al. 2006) . Here, for bats with WNS, we assume a 150% increase in EWL from infected skin. c and d) Holding RH constant at 96%, we examine the effects on survival rates over a range of percent increases in EWL. Here, c represents clustering populations and d represents nonclustering populations. Most of our model assumes a percent increase of 150%, although some fungal infections show percent increases near 250% at infection sites compared to healthy membranes (Yarwood 1947; Krönauer et al. 2001 ).
Brack 2009). Despite these observations, the effects of roost site choice during hibernation have not been thoroughly examined in terms of their implications for energy expenditure and overwinter survival. Our model predicted survival of healthy, nonclustering little brown myotis in northern portions (Ontario) of its range with longer winters (193 days) at 80%, and those at midrange (Kentucky) with shorter winters (134 days) at 98%. These results are similar to those from an energetics-based model used to predict survival rates of nonclustering little brown myotis during 90-day winters at nearly 100%, but only 73% during 200-day winters (Boyles and Brack 2009 ). Our findings are consistent with results of field studies estimating winter survival rates of little brown myotis in an abandoned mine in southern Ontario at 76% (Keen and Hitchcock 1980) . Another study reported annual survival rates for adult females ranging from 63% to 90% and yearling annual survival rates ranging from 23% to 46% for a population in southern New Hampshire (Frick et al. 2010b) .
Our model also suggests considerable latitudinal variation in the degree to which WNS could affect the overwintering survival rates of little brown myotis. But as is the case in both simulated Kentucky and Ontario winters, bats with WNS and associated increased EWL from infected tissue had much higher overwinter mortality compared to healthy populations (.1,000% increase in mortality for bats with WNS in Ontario compared to healthy bats, and a 78% increase in Kentucky in nonclustering populations). Previous population studies on bats with WNS report a survival rate from 1% to 70% across the range of WNS occurrence, with a northeastern United States regional average of 27% (Frick et al. 2010a) , and annual survival rates below 25% in populations known to be infected with WNS over a 2-year period (Blehert et al. 2009 ). Currently, there are few data on survival rates for the more southerly regions into which WNS has recently spread. Our model thus brings to light the possibility of significant latitudinal variation in survival rates for both healthy bats and those infected with G. destructans.
Our model assumes that bats at both simulated locations began winter exhibiting the same distribution of fat mass independent of winter length. It is generally believed that the little brown myotis does not feed during hibernation due to lack of insect prey during winter; however, some healthy bats have been observed flying around the entrance of the cave during winter (Whitaker and Rissler 1993; Boyles et al. 2006) . It is possible that bats in the more southerly parts of their range are able to catch insect prey on warmer winter nights, thus supplementing their fat stores. This would allow bats to start winter with a smaller fat store than would be expected otherwise. Furthermore, bats that hibernate in the southerly reaches of their range may not expend as much energy searching for prey to build up fat stores in autumn. Thus, it is possible that bat populations at more southern latitudes exhibit reduced variation in mortality rates during hibernation and more individual variation in the sizes of fat stores. Reduced fat stores of more southern bat populations adapted to decreased winter length could lead to similarly low survival rates when infected with WNS. Such observations can and should be tested in the field to assess fat reserves just prior to entry into winter hibernaculum across a variety of latitudes to comparatively assess the relative overwinter mortality risk when infected with G. destructans.
We considered the potential benefit of reduced EWL caused by clustering of bats within the cave by simply incorporating an estimated reduction of energy use (Boyles and Brack 2009) , reporting the resulting increases in survival. This is almost certainly an overestimate of clustering benefits for several reasons. Unless bat arousal is highly synchronized, bats would be relocating individually or in small groups, thus at least temporarily losing some of the energetic benefits of larger clusters. (Synchronous arousal could jeopardize the ability of each individual to respond appropriately to its own physiological needs.) Moreover, in the context of WNS, greater clustering may increase the likelihood of bat-bat transmission of conidia of G. destructans. Wibbelt et al. (2010) speculated that the reduced clustering observed in most European bats might be a coevolutionary adaptation to G. destructans. On the other hand, clustering may have the effect of increasing local RH for a hibernating bat due to small amounts of heat and moisture from the bodies of neighbors. The extent to which this might affect EWL rates is unknown because no work has quantified potential humidification due to clustering. In short, more must be known about the frequency and effects of clustering before its effects can be introduced realistically into models such as ours.
White-nose syndrome is the 1st known highly virulent disease to attack bat populations on a large scale (Frick et al. 2010a) . Consequently, there are many questions that remain unanswered. In our model, for instance, mirroring disease transmission rates from bat to bat and cave to bat could closely mirror the natural dynamic; however, these rates are unknown. Within-cave transmission rates are unknown and would be difficult to obtain while minimizing disturbance to bats that are already experiencing considerable stress. Nonetheless, studies that map the spread of the disease and determine transmission rates between individuals and populations are much needed in understanding the epidemiological aspects of G. destructans important in managing bat species vulnerable to this disease.
The phenomenon of arousal during hibernation is a prevalent trait of hibernating mammals, suggesting that the EWL hypothesis is broadly applicable to many hibernators. Our bat model supports previous studies that suggest a close relationship between EWL and periodic arousals during hibernation (see Thomas and Cloutier 1992; Thomas and Geiser 1997) . It seems likely that EWL plays a role in the etiology of WNS because the species that are most affected by the disease tend to choose winter hibernacula with high RH. On the condition that physiological parameters and hibernacula temperature gradients are well documented for a focal organism, our model is broadly functional and could be used to assess the degree of association between EWL rates, arousal rates, and energy expenditure through winter. This model could be applied to other hibernating mammals, provided that the proper param-eters are known regarding EWL and metabolic rates as a function of temperature.
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